A s their name indicates, room temperature ionic liquids (RTILs) are liquids that are composed entirely of ions and that remain liquids at room temperature. They are generally very stable over a large temperature range, nonflammable, and have low volatility and are therefore rapidly emerging as alternative environmentally friendly solvents. 1À3 Their applications have been reported in a wide range of areas, including organic synthesis, catalysis, electrochemistry, 4 liquid crystal, 5 and separation technologies. 6, 7 With over a million simple ionic liquids available, scientists and engineers are presented with numerous opportunities to design ionic liquids with specific properties for different applications but also with challenges to develop methods to characterize them to optimize their properties. Although with increasing utilization, the cost of some ionic liquids is decreasing, ionic liquids are, in general, relatively expensive, and new ionic liquids require synthetic routes to be developed. Currently, full characterization of the physical properties of such ionic liquids requires significant volumes of material to be synthesized before it is known whether they are useful for the process to be developed. Therefore, to reduce the synthetic burden and the cost, robust and high-throughput analytical techniques that require minimal volumes of liquids for characterization are desirable.
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High-frequency acoustic wave devices are widely used in telecommunications but also provide a surface oscillation that can be used to probe or sense materials with which they come into contact. In a Rayleigh-type surface acoustic wave, the oscillation includes an out-of-plane component, and this prevents their use with most liquids because on contact with the liquid, the wave's component of displacement normal to the surface generates a compressional wave into the liquid, giving rise to significant attenuation of the surface wave. However, acoustic wave sensors, using a shear-wave polarization with a particle displacement in the plane of the device surface, do not generate compressional waves and have been successful in liquid sensing applications. 8À10 Device types include the quartz crystal microbalance (QCM), which uses a thickness shear mode operation, and the surface acoustic wave device (SAW), which uses a planar fabricated set of interdigital transducers (IDTs) to excite the wave. Both types of sensors operate by creating a highfrequency shear wave that entrains the liquid present on the surface and causes a change in the wave velocity and amplitude. Recently, a QCM operating at a fundamental frequency of 5 MHz and its harmonics was successfully used to study the Newtonian response of RTILs by measuring the shift in the resonant frequency of the device and its bandwidth after the liquid is introduced. 11 This showed that the densityÀviscosity product of a liquid can be determined from only 40 μL of liquid ABSTRACT: In this work, we have shown that a 100 MHz Love wave device can be used to determine whether room temperature ionic liquids (RTILs) are Newtonian fluids and have developed a technique that allows the determination of the densityÀviscosity product, Fη, of a Newtonian RTIL. In addition, a test for a Newtonian response was established by relating the phase change to insertion loss change. Five concentrations of a water-miscible RTIL and seven pure RTILs were measured. The changes in phase and insertion loss were found to vary linearly with the square root of the densityÀviscosity product for values up to (Fη)
. The square root of the densityÀviscosity product was deduced from the changes in either phase or insertion loss using glycerol as a calibration liquid. In both cases, the deduced values of Fη agree well with those measured using viscosity and density meters. Miniaturization of the device, beyond that achievable with the lower-frequency quartz crystal microbalance approach, to measure smaller volumes is possible. The ability to fabricate Love wave and other surface acoustic wave sensors using planar metallization technologies gives potential for future integration into lab-on-a-chip analytical systems for characterizing ionic liquids.
without the need for a calibration liquid. The viscosity could then be deduced if the density of the liquid is known. The volume was reduced to 30 μL when a QCM, operating at 8 MHz, was incorporated on a glass microfluidic chip. 12 In this article, we extend the work presented in references 11 and 12 to much higher frequencies (∼100 MHz) using a shear horizontal polarized surface acoustic wave (SH-SAW), which has the advantage of increased sensitivity at higher operating frequencies. Equivalent increases in the operating frequency of a QCM are technically difficult because they involve thinning the crystal substrate, thus making it fragile; a particular problem when operated as part of a microfluidic flow cell. In the SH-SAW case, the operating frequency is determined by the period of surface fabricated interdigital transducers and so does not require a thin substrate. Moreover, the planar fabrication technology of the SH-SAW has greater potential for integration into microfluidic chips. To enhance the sensitivity beyond that obtained with a simple SH-SAW, a Love wave configuration was used, in which the substrate is overlaid with a guiding layer possessed of a smaller shear velocity than that of the substrate. This ensures the wave remains in the vicinity of the surface of the device and uses the dispersive nature of the wave caused by the guiding layer to enable a small interaction with a liquid to give a large, measurable change in the velocity and amplitude of the wave. 13, 14 ' THEORY Liquids present on the surface of a SAW device change both velocity (and hence, phase, ΔΦ) and amplitude of the wave, ΔA. For viscous (Newtonian) liquids, these changes, with respect to air are proportional to the square root of the densityÀviscosity product of the liquid, (Fη) 1/2 . 15, 16 The changes can be expressed as 16, 17 ΔΦ ðdegÞ ¼ cL s k 0 360 2π where c is dependent on device parameters and geometry; L s is the length of the propagation path of the wave; k 0 is the wavevector; ω is the angular frequency; and F and η are the density and viscosity of the liquid, respectively. Measuring changes in phase and amplitude for a SAW are the equivalent of measuring changes in frequency, Δf, and bandwidth, ΔB, for a QCM device; eq 1 is the analogue of the Kanazawa and Gordon equation. 18 If the changes are measured with respect to another liquid, then the corresponding changes for the liquid need to be subtracted from the signals in eq 1.
The ratio of phase change to amplitude change at a given frequency can be evaluated from eq 1 as ΔΦ ðdegÞ ΔA ðdBÞ ¼ 360 40π logðeÞ = 6:60 deg dB
À1 ð2Þ
Hence, a linear correlation between the two quantities is expected for Newtonian liquids with ΔΦ ∼ 6.60ΔA. This provides a simple experimental test for determining whether a RTIL is Newtonian, in much the same manner as the frequency change-bandwidth change correlation, Δf = ÀΔB/2, previously reported for the response of a QCM to RTILs.
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At a given frequency, the relationships in eq 1 remain linear for liquids with viscosities up a critical value η c = μ/ω, 15,19À21 where μ is the high frequency shear modulus, and hence, there is a frequency-dependent critical value of the densityÀviscosity product
. Liquids with viscosities larger than η c do not have enough time to respond to shear deformation over one period of oscillation of the wave, so energy cannot be lost through viscous dissipation, and as a result, they behave like solids (Maxwellian). 15À17,22,23 For these liquids, the changes in phase and loss both deviate from the linear relationship (eq 1). The loss eventually saturates, 15 and the phase change decreases with increasing (Fη) 1/2 . 17, 24 The saturation value for amplitude loss can be expressed as 15 ΔA sat ðdBÞ ¼ c 20 logðeÞ
It is, therefore, possible to determine from phase and amplitude measurements whether a liquid is Newtonian at a given frequency of interrogation by verifying the validity of eq 2. If the liquid is Newtonian, estimates of the densityÀviscosity product can be extracted using either the phase change or the amplitude change via eq 1, and from knowledge of the density, the viscosity can be deduced.
' EXPERIMENTAL SECTION
Surface acoustic wave devices were fabricated to operate at ∼100 MHz on ST-X cut quartz using a standard photolithography process. ST-quartz is known to support a Rayleigh wave parallel to the x-axis and a surface-skimming bulk wave (SSBW) perpendicular to the x-axis, which with the addition of an overlayer film with a lower speed than the substrate can result in Love wave propagation. 25, 26 Two TiÀAu IDTs were fabricated from a 100 nm sputtered gold layer over a 10 nm thick titanium adhesive layer. Each IDT consisted of 88 finger pairs with a period λ = 25.5 μm, finger length of 2.153 mm long and aperture of 2 mm. The IDTs were 7.65 mm apart, giving a sensitive area in the SAW propagation path of ∼15 mm 2 . To reduce the electroacoustic effects associated with the interaction of the ionic liquids and the electric field of uncoated devices, a metallic pad was deposited on the propagation path between the IDTS to short the electric field and, hence, screen out electroacoustic effects.
24, 27 The metallic pad consisted of a 100 nm sputtered Au over a 10-nm-thick Ti adhesive layer. This gold area was designed to be large enough to cover the area in contact with the sample liquid. The device was then converted into operating in a Love wave mode by RF sputter-coating a silicon dioxide (SiO 2 ) guiding layer over the entire surface, leaving only the IDT connecting pads exposed. SiO 2 was chosen because it is chemically robust 28 and should withstand long exposure to RTILs. The samples were placed in a custom flow cell designed to be chemically resistant to RTILs. The SAW device was clamped into a brass holder that contained spring pin contacts to connect to the IDT pads. A PTFE T-piece insert was made to slide into the brass holder, and a PTFE encapsulated Viton O-ring seal was placed between the T-piece and the SAW device with these pieces clamped tight to form a seal. PFA tubing was used to connect the PTFE to a 5 mL syringe, from which the liquids were gently pushed through the cell. A total sample volume of 1.5 mL was used, although only ∼80 μL was actually required in the SAW propagation path; reducing the height of the O-ring could further reduce significantly the volume required. The measurements were carried out in a glovebag under argon atmosphere to reduce the absorption of moisture by the RTILs. 4 ], and an additional seven pure RTILs were investigated ( Table 1) . Measurements of the viscosity and density were made using a Brookfield DVII+ programmable viscometer and an Anton Parr DMA 4500 oscillating tube density meter. These techniques require 1.5 and 0.5 mL of liquid respectively. The temperature for both density and viscosity measurements was set to 25°C via a water bath. 2 ] were prepared inhouse using standard literature methods from the appropriate organic halide salt. 30 The halide content of each ionic liquid was measured by using suppressed ion chromatography (IC), 31 and the characterization of each ionic liquid used is shown in Table 1 .
Measurements of the insertion loss and phase were made using transmission measurements on an Agilent E5061 network analyzer with the device clamped in the holder. Deionized water was injected through the cell, and baseline frequencies for insertion loss and velocity change were selected. The viscous liquid was then injected, and measurements of relative changes of insertion loss and phase change were made with respect to water at 25°C. Flow was stopped to collect all spectra. The flow cell was then cleaned by flushing it with 10 mL of water or until the baseline frequencies were restored.
' RESULTS AND DISCUSSION
To maximize the sensitivity of the Love wave device, the insertion loss in air was measured as the thickness of SiO 2 was increased; the results are shown in Figure 1 . The two peaks are attributed to the fundamental and first-order guided modes of the SiO 2 layer, respectively. 14, 32, 33 The device is most sensitive in the regions of greatest change in insertion loss with layer thickness, 32 which corresponds to the region of ∼0.55À0.80 μm for the fundamental mode. A SiO 2 thickness of 0.55 μm was, therefore, used as a guiding layer for the remainder of the work because this represents the lowest insertion loss within this operating range.
The response of the device with the optimized SiO 2 guiding layer thickness to viscous loading was investigated. The variation of the changes in insertion loss and in phase as the square root of the densityÀviscosity product of the liquid, (Fη) 1/2 , was increased are shown in Figure 2a and b, respectively. The data for glycerol solutions (up to a concentration of 90% v/v) show a linear relationship, indicating a Newtonian response, and are consistent with previous experimental work, 23, 34 and thus confirm a good response of the SAW device. The data for the ionic liquids follow the linear relationship up to (Fη) 1 Figure 2a and b correspond to the linear best fit of the data taking into account the offset value for water.
A linear relationship between phase and insertion loss given by eq 2 can also be tested to confirm the range of validity of a Newtonian response. Figure 3 clearly shows a linear correlation between the two quantities for the glycerol solutions up to 90% and for lower viscosity RTILs up to (Fη) 1/2 ∼ 10 kg m À2 s À1/2 . The best fit to the linear range gives a slope of 6.29 deg dB À1 , in excellent agreement with the theoretical value of 6.60 deg dB The insertion loss appears to saturate (Figure 2a) , whereas the phase change decreases strongly with (Fη) 1/2 (Figure 2b ), in agreement with theory, and is consistent with a Maxwellian regime when (Fη) 1/2 exceeds (Fη c ) 1/2 . 17, 24, 34 The data are broadly consistent with the QCM measurements at 5 MHz, 11 in which [P 6, 6, 6, 14 , did not lie within the Newtonian range, but in the measurements reported here, it does fit within the linear relationship of eq 2 at SAW frequencies, thus indicating it is Newtonian at both the QCM and SAW frequencies tested. This discrepancy is due to an (incorrect) overestimate of Fη in reference 11.
The data can be used to determine the densityÀviscosity product of a Newtonian RTIL either from phase or insertion loss measurements, provided a calibration liquid is used to determine the constant of proportionality in eq 1 (i.e., effectively the value of cL s k 0 ,). In our measurements, glycerol is used as the calibration liquid. The square root densityÀviscosity is determined from the linear fits in Figure 2a and b. Figure 4 shows the calculated values for square root densityÀ viscosity values against the values measured using the viscosity/ density meter. The dashed line has a slope of unity. A good agreement is observed up to (Fη) 1/2 ∼ 10 kg m À2 s À1/2 , with an average deviation from the line of ∼5% and ∼15% for loss and phase measurements, respectively. Once the product Fη is determined, the viscosity of the liquid could be determined if its density is known. As discussed in references 11 and 12, it is possible to use the device data in conjunction with predictive modeling of ionic liquid densities to determine the viscosity of a given RTIL. 35, 36 On the basis of the limit of (Fη) 1/2 ∼ 10 kg m À2 s À1/2 at the chosen Love wave operating frequency of 100 MHz, we estimate that ∼50% of known RTILs would be accessible to this technique. The percentage accessible could be increased by reducing the operating frequency. The data can also be used to obtain an estimate of the high frequency shear modulus of the RTILs, μ, by considering the saturation value of the insertion loss with respect to water, shown by the dashed line in Figure 2a , and assuming, in the same way as in reference 15, that all RTILs have the same μ. The glycerol data are again used to determine the constant of proportionality in eq 1, and eq 3 is used to determine Fμ. 
' CONCLUSION
We have shown that a Love wave device operating at 100 MHz can be used to determine the densityÀviscosity product of water miscible and pure Newtonian RTILs if a calibration liquid is used. The changes in phase and insertion loss were found to vary linearly with the square root of the densityÀviscosity product for values up to 10 kg m À2 s À1/2 . Above this limit, RTILs were found to have a non-Newtonian response. Although this device has not decreased the sample volume required for characterization compared to a previous measurement using a QCM, it has shown that a Love wave configuration is capable of characterizing room temperature ionic liquids. Significant reduction of the liquid volume required for the Love wave device is possible by minimizing the tubing length and diameter of the flow cell and by reducing the thickness of the O-ring. These results establish the feasibility of incorporating high frequency shear mode acoustic wave devices into microfluidic chips for high throughput measurements of the physical properties of room temperature ionic liquids.
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